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METHOD FOR PRODUCING PATTERNS BY
ION IMPLANTATION

TECHNICAL FIELD OF THE INVENTION

This invention relates to a method for structuring the
surface of a substrate and more generally a method for
producing patterns on the surface of a substrate.

The 1invention has for advantageous but not limiting
applications microelectronics, optics or optonics.

PRIOR ART

The possibility of obtaining slices or plates (“waters”) and
substrates, with a structured surface (“patterned substrate™)
1.e. of which the surface 1s at least partially covered with
patterns in relief, can be very advantageous. This 1s the case
in particular for most devices of the optical or optoelectronic
type and 1n particular light-emitting diodes (LEDs) of which
the efliciency 1n converting an electric current mto light 1s
highly dependent on the surface condition of the substrate
from which they are manufactured.

The methods that exist for structuring substrates comprise
many steps of lithography, combining for example nano-
metric printing and steps of photolithography.

These existing methods make 1t possible to obtain only
relatively simple forms and with little freedom on the
patterns obtained, except for substantially increasing the
complexity and therefore the cost of these methods.

There 1s therefore a need consisting in proposing a
solution 1n order to obtain 1 a reproducible manner and
inexpensively patterns that are possibly complex on the
surtace of a substrate.

An object of the invention consists 1n proposing such a
solution.

The other objects, characteristics and advantages of this
invention shall appear when examining the following
description and the accompanying drawings. It 1s understood
that other advantages can be incorporated.

SUMMARY OF THE INVENTION

In order to achieve this objective, according to an embodi-
ment this invention provides a method of forming reliefs on
the surface of a substrate, characterized 1n that 1t comprises
at least the following steps:

at least one first implantation of 1ons in the substrate

according to a first direction;

at least one second implantation of 1ons in the substrate

according to a second direction that 1s different from the
first direction;

at least one of the first and second implantations 1s carried

out through at least one mask having at least one
pattern;

an etching of areas of the substrate having received by

implantation a dose greater than or equal to a threshold,
selectively to the areas of the substrate that have not
received via implantation a dose greater than said
threshold.

The parameters of the first and second 1mplantations, in
particular their respective directions, being adjusted 1n such
a way that only areas of the substrate that have been
implanted both during the first implantation and during the
second 1mplantation receive a dose greater than or equal to

said threshold.
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As such, the method according to this invention makes 1t
possible to obtain 1n a particularly simple way patterns that
may be complex.

For example 1t 1s possible to obtain three-dimensional
patterns or analog patterns, 1.¢. patterns that have a continu-
ous profile or patterns with several levels of height or of
depth. Most of the existing methods, unless they are very
complex, make 1t possible to obtain only binary patterns, 1.e.
with a single level of height or of depth.

Moreover this method makes 1t possible to define the
patterns sought with a large freedom of choice. Furthermore
this method makes 1t possible to control simply and 1n a very
reproducible manner the geometrical characteristics of the
patters of the substrate.

The method according to the invention 1s particularly
advantageous for carrying out diflraction gratings or absorp-
tion gratings, for example for the LED or photovoltaic
market.

In particular the method according to the invention makes
it possible to carry out 1 a very reproducible manner
patterns of small size on the surface of the substrates from
which the LEDs are manufactured.

Optionally, the method according to the invention can
have at least any one of the following optional characteris-
tics:

According to an embodiment, the first and second 1implan-
tations are each carried out through at least one mask.
According to an embodiment, the at least one pattern of
the mask used during the first implantation 1s different
from the at least one pattern of the mask used during the
second 1mplantation.

According to an embodiment, the first and second implan-

tations are carried out through the same mask, with the

method comprising at least one additional implantation
carried out through a mask that 1s diflerent from the one used
during the first and second 1mplantations.

Alternatively at least one of the first and second implanta-

tions 1s carried out ftull water and without a mask.

According to an embodiment, a sacrificial layer 1s deposited
above the substrate and at least one among the first and the
second implantations 1s carried out through said sacrificial
layer.

According to an embodiment, the entire sacrificial layer 1s
removed after the second 1implantation.

According to an embodiment, the sacrificial layer 1s an
anti-reflective coating (BARC).

According to an embodiment, the thickness of the sacrificial
layer 1s chosen and at least one among the first and the
second implantations are carried out in such a way that
first areas located under the mask are implanted both
during the first implantation and during the second
implantation, receive a dose greater than or equal to said
threshold and extend solely 1n the sacrificial layer.

As such these first regions do not extend into the substrate.

The patterns of these regions will not as such be etched nto

the substrate.

This makes it possible to smooth the profile obtained with-

out having to carry out a thinning operation, such as a

mechanical-chemical polishing 1n order to remove the shal-

lowest reliefs.

According to an embodiment, the thickness of the sacrificial
layer as well as at least one among the first and the second
implantations are carried out in such a way that second
areas located under the mask are implanted both during
the first implantation and during the second implantation
by recerving a dose that i1s greater than or equal to said
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threshold, with said second regions extending in the
sacrificial layer and in the substrate.

As such these second regions extend in the substrate.

According to an embodiment, the substrate 1s crystalline and
at least one of the first and second implantations 1s carried
out 1 such a way as to modily the physical structure of
the substrate 1n order to render 1t amorphous. According
to an embodiment, this 1mplantation comprises the
implantation of 10ons that are heavier than hydrogen (H),
such as argon (Ar), silicon (S1) or Boron (B) 10ons, with an
energy that 1s suflicient to render the implanted areas
amorphous. For example, 1n order to carry out a physical
modification of the substrate, 1t 1s possible to use 1ons of
which the atomic mass 1s greater than equal to that of
Boron.

According to an embodiment, at least one among the first
and the second 1mplantations is carried out in such a way
as to chemically modify the substrate. According to an
embodiment, this implantation carried out 1n such a way
as to chemically modily the substrate comprises the
implantation of hydrogen (H) and/or of oxygen 1ons in
order to chemically modily the substrate.

According to an embodiment, said implantation carried out
in such a way as to render the implanted areas amorphous
1s the first implantation and wherein said implantation
carried out in such a way as to chemically modity the
substrate 1s the second implantation.

According to an alternative embodiment, said implantation
carried out in such a way as to chemically modity the
substrate 1s the first implantation and whereimn said
implantation carried out 1n such a way as to render the
implanted areas amorphous 1s the second implantation.

According to an embodiment, at least some of the areas
receiving a dose greater than or equal to said threshold are
located under a pattern of the mask during at least one of
the first and second implantations.

According to an embodiment, at least one of the first and
second directions of implantation 1s perpendicular to a
main plane wherein the substrate extends.

According to an embodiment, both the first and the second
direction of implantation are inclined with respect to a
direction perpendicular to a main plane wherein the
substrate extends.

According to an embodiment, the substrate 1s made from a
material taken from one of the following materials: silicon
(S1), silicon-germanium (S1Ge), sapphire, GaN, S1C, and
quartz.

According to an embodiment, the substrate 1s porous.

According to an embodiment, the parameters of the first and
second 1mplantations, 1n particular their respective direc-
tions, are adjusted 1n such a way that some areas of the
substrate do not recerve any dose during at least one
among the first and the second implantations.

As such by inclining one of the implantations enough, the

patterns of the mask prevent the 1ons from penetrating into

the substrate 1n certain areas.

As such, 1n certain areas, the substrate retains its integrity

while 1n other areas thereof it 1s modified and possible

etched.

According to an embodiment, the parameters of the first and
second implantations, in particular their directions and
their energy, are adjusted 1n such a way that during at least
one among the first and the second implantations, ions
penetrate 1nto the substrate without passing through the
mask.

The 1nvention as such described a method for the three-
dimensional structuring of the surface of the substrate com-
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prising an initial step wherein a mask with two-dimensional
patterns 1s formed on the surface of said substrate, and
wherein the surface of said substrate 1s 1mplanted through
the mask of 2D patterns using an i1on beam, the ion beam
inclined. A 3D implantation 1s as such obtained on the
surface of the substrate due to the screen formed by the mask

of 2D patterns passed through by the beam with an incli-
nation that 1s different from the normal.

Another object of this mvention relates to a microelec-
tronic device comprising a substrate that has a surface
carrying patterns obtained according to the method of the
invention. The term microelectronic device means any type
of device carried out with microelectronic means. These
devices encompass 1n particular 1in addition to devices with
a purely electronic finality, micromechanical or electrome-
chanical devices (MEMS, NEMS, etc.) as well as optical or
optoelectronic devices (MOEMS, etc.)

BRIEF DESCRIPTION OF FIGURES

The purposes and objects as well as the characteristics and
advantages of the invention will appear more clearly in the
detailed description of an embodiment of the latter which 1s
shown by the following accompanying drawings wherein:

FIG. 1, comprised of FIGS. 1a to le, shows a first
embodiment 1n order to obtain a structured surface accord-
ing to an example of the method of the mvention using an
implantation of species through a mask.

FIG. 2, comprised of FIGS. 2a to 2¢, shows a second
embodiment of the invention wherein the preceding steps
are repeated with a second mask.

FIG. 3, comprised of FIGS. 3a to 3¢, shows another
embodiment for obtaining a structuring of the surface of a
substrate, by using a sacrificial layer.

FIG. 4, comprised of FIGS. 4a to 45, studies the penetra-
tion of 1ons 1nto patterns made of resin of the mask.

FIG. 5, comprised of FIGS. 5a to 5/, shows and discloses
various options for adjusting the angle of incidence of the
ion beam on the result of the implantation of species for the
surface structuring of a substrate.

The drawings are given by way of examples and do not
limit the mvention. They constitute diagrammatical block
representations intended to facilitate the comprehension of
the invention and are not necessarily to the scale of practical
applications. In particular the relative thicknesses of the
substrate, of the mask and of its patterns are not represen-
tative of reality.

DETAILED DESCRIPTION OF TH.
INVENTION

(Ll

It 1s stated that in the framework of this invention, the
term “on”, “surmount”, “cover” or “underlying” or their
equivalents do not necessarily mean “in contact with”. As
such for example, the deposition of a first layer on a second
layer, does not necessarily mean that the two layers are
directly 1n contact with one another but this means that the
first layer at least partially covers the second layer by being
either directly 1n contact with 1t or by being separated from
it by at least one other layer or at least one other element.

In the framework of this invention, the term resin qualifies
an organic or organo-mineral material that can be shaped by
exposure to a beam of electrons, photons or X-rays or
mechanically.

In the framework of this invention, the term three-dimen-
sional pattern designates a pattern that has in the substrate,
at least two levels of depth below the upper surface of the
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substrate when the pattern 1s hollow or at least two levels of
height above an upper surface of the substrate when the
pattern 1s protruding. This appears clearly i FIG. 1e for
example which will be described 1n detail 1n what follows.

In this patent application, the thickness 1s taken according
to a direction perpendicular to the main surface 101 of the
substrate 100 to be etched. In FIGS. 1 to 3, the thickness 1s
taken according to the vertical.

[Likewise, when it 1s indicated that an element 1s located
in line with another element, this means that these two
clements are both located on the same line perpendicular to
the main plane of the substrate 100, or on the same line
oriented vertically 1n the figures

FIG. 1, comprised of FIGS. 1a to 1e, shows a first way of
obtaining a structured surface according to the method of the
invention.

This method 1s carried out using a stack comprising at
least one substrate 100 surmounted by a mask 121. The
substrate 100 can also be qualified as a layer to be etched.

The substrate 100 may or may not be self-supporting. It
may or may not rest on one or several other layers. The
substrate 100 can be monocrystalline, polycrystalline or
amorphous according to the applications considered. The
substrate 1s typically made of a material comprising at least
one of the following materials: silicon (S1), silicon-germa-
nium (Si1Ge) sapphire, SiN, GaN, Si1C, and quartz. For
example the substrate 100 can be made of silicon (S1),
silicon-germanium (S1Ge) preferably monocrystalline or
polycrystalline. The substrate 100 can also be made of
quartz, or sapphire.

The substrate 100 can be porous. In the framework of this
invention, the term porous substrate designates a substrate of
which the presence of a void 1s greater than 5% by volume
and preferably between 5 and 10%. This can for example be
porous S10CH.

As shown in FIG. 1a there 1s first of all a first implantation
of species through the surface 101 of the substrate 100. The
implantation, 1n the form of an 10n beam 110, 1s carried out
conventionally by implementing techniques and conven-
tional means and in particular by using implanters and
plasma etchers.

According to this embodiment shown in FIG. 1, the 1on
beam 1s not directed perpendicularly to the plane defined by
the surface 101 of the substrate but 1s applied with an
inclination 112, also noted as «, 1n relation to this plan.

This implantation 1s carried out through a mask 121
carrying patterns 120. According to a non-limiting example,
these patterns 120 are carried out using a layer of photo-
sensitive or heat-sensitive resin by implementing one or the
other of the conventional techniques of photolithography or
nanometric printing developed for decades by the micro-
clectronics imndustry or by combiming them.

According to an alternative embodiment, the mask 1s a
hard mask. It can then be carried out according to the
following steps: deposition of the material forming the
mask, (for example SiN or S102, etc.); then deposition of a
layer of resin and formation of patterns via lithography 1n the
resin; then opening of the mask; then removal of the resin.

In the implanter or plasma etcher used, a suflicient quan-
tity of energy 1s communicated to the beam of 1ons 110 so
that the path of the latter 1s not substantially deviated by the
patterns 120. The latter however constitute an obstacle that
partially form a screen to the propagation of the 1on beam
and as such makes 1t possible to obtain an implantation at
variable depths from the surface of the substrate 101. The
implantation of the 1ons at the end of this first implantation

as such defines the profile 102 shown in FIG. 1a. As shall be
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seen 1n what follows, generally, the shape and the spacing of
the patterns are adapted to the profile 102 of implantation
that 1s sought to be obtained.

Note here that the nature of the resin, the dimension of the
patterns 120, the nature of the 1ons implanted as well as the
conditions of implantation are chosen in such a way that
there 1s no noticeable consumption of the resin due to the
implantation operation 1tselif.

Typically, the patterns 120 are two-dimensional (2D) or
binary patterns, with substantially rectangular or square
shapes obtained very simply via full etching of a superticial
layer of resin 122. These two-dimensional (2D) or binary
patterns make it possible however to obtain a three-dimen-
sional (3D) profile 102 of the mmplantation due to the
inclination applied to the 1on beam and to the masking eflect
produced by the patterns.

FIG. 16 shows the result of a second implantation which
can optionally be practiced by using the same patterns 120
forming a screen to the 1on beam 130. In the example shown
in FIG. 1b, the angle of incidence 132 1s chosen to be
substantially symmetrical, in relation to a perpendicular to
the plane of the substrate 101, to that of the first implemen-
tation.

In this case shown in FIG. 15, the profile 104 1s thus
obtained which 1s 1tself the symmetrical of the profile 102 of
the first implantation 102.

The result of these two 1mplantations 1s shown 1n FIG. 1c.

Note however that there 1s no constraint on the angle of
incidence of the second implantation that can be chosen
freely with as the sole criterion of choice the final profile of
implantation desired in the substrate 100.

In particular this angle of mncidence can be equal to 90°.
In this case the direction of implantation 1s perpendicular to
the plane of the substrate 101.

More preferably the direction of implantation chosen
during the second implantation is different from the direc-
tion of implantation chosen during the first implantation.

Note also that it 1s possible to have only implantation
which 1s carried out through a mask 121. Indeed, the first or
the second implantation can be carried out full water without
a mask.

According to another embodiment not shown the mask
used during the first implantation 1s different from the one
used during the second implantation.

After the first or the second implantations, some areas
106, 108 arc implanted both during the first implantation and
during the second implantation.

In a non-limiting example shown, these areas are located
between the patterns (areas 106) and or under the patterns
(108).

The conditions of implantation are adjusted so that only
the areas that receive a dose of 10ons both during the first
implantation and during the second implantation exceeding
a threshold beyond which the material of the substrate is
su 1c1e11t1y modified to become clearly more sensitive to an
etching than the non-modified material or modified with a
dose less than the threshold.

As such, during a subsequent t etching, typically a chemi-
cal etching, the areas implanted twice can be etched with
respect to the areas that that were implanted only once or
which were not implanted at all.

FIG. 1¢ shows the areas that were implanted only once
(areas 107) and the areas that were not implanted at all (areas
109).

The areas 106, 108 that have received implantation twice
and alone are able to be etched 1n this example, are shown

in FIG. 1d.
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Then a conventional step of removing the mask 121
carrying the resin patterns 120 1s carried out.

Afterwards or simultaneously, a wet etching 1s carried out
of these modified areas 106, 108 with a dose greater than the
threshold. The stopping of the etching takes place automati-
cally at the border between areas that have been implanted
twice and areas only once or that have not been implanted.
The end of the etching can also be controlled by time i1 the
selectivity 1s suflicient between on the one hand the areas
modified 106, 108 with a dose exceeding the threshold and
on the other hand the non-modified areas 106, 108 with a
dose greater than the threshold.

A structuring of the surface of the substrate 100 and a
profile 105 as shown in FIG. 1e are then obtained.

For example, 1t 1s observed that between two waters of
silicon, with one having been subjected to a single implan-
tation and the implanted twice 1n 1dentical conditions, a wet
ctching using a bath of potassium hydroxide (KOH) diluted
to 20% and comprising a surfactant (triton X-100) 1s eflec-
tive only in the case of the double implantation. The
implantation, simple or double, 1s carried out in the same
conditions, 1.e.: implantation of argon (Ar) i1ons with an
energy of 75 kilo electronvolts (keV) and a dose of 10"
atoms per cm”, impacting a thickness of 120 nm of material
from the surface, and a double implantation of hydrogen (H)
ions with a dose of 10" atoms per cm® and an energy
respectively of 3 keV and 7 keV 1n order to cover the entire
depth to be modified (1.e. the 120 nm modified by the
implantation of Ar).

This embodiment advantageously makes 1t possible to
obtain a very good etching.

In the framework of the development of this imnvention 1t
was noticed that a particularly precise definition of the
patterns 1s obtained when the following 1s carried out:

an implantation during which the 1ons modity the physical

structure of the crystalline substrate 1n order to render
it amorphous. This requires the implantation of rela-
tively heavy 1ons (at least as heavy as boron) such as
argon (Ar), silicon or boron 10ns;

simultaneously or after the amorphization of the substrate,

an 1mplantation during which the ions modify the
chemistry of the substrate. This requires the implanta-
tion of 1ons that are relatively light such as hydrogen
(H) and/or oxygen 10ons. These light 1ons are housed in
the crystalline substrate without modifying the crystal-
lographic structure thereof but by creating chemical
bonds (in particular Si—H) which will be able to
oxidize easily.
Note that the implantation carried out 1n order to amorphize
the substrate 100 can be carried out full water and without
a mask over the entire surface of the substrate 100. Then the
areas to be etched are defined by carrying out a chemical
modification of the substrate 100 through the patterns 120 of
one or several masks 121.

By way of example, for a silicon substrate, the threshold
beyond which the areas implanted at least during two
implantations can be etched selectively to the areas that have
received a dose less than the threshold 1s the following:

For an etching with a base of KOH or TMAH

at concentration in hydrogen ions of 10°° atoms per
cm” and
at a concentration in argon ions of 10*® atoms per cm”.

FIG. 2 comprised of FIGS. 2a to 2¢ shows a second
embodiment of the invention. In this case, the steps shown
in FIGS. 1a to 14 are carried out.

Then the mask 121 1s removed. At this step the substrate
100 1s not etched.
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Additional steps described in FIGS. 2a to 2¢ are then
carried out.

The first additional step 1n this case consists therefore 1n
creating other patterns 220 intended to form another mask
221, this time aligned on the shallowest areas implanted 1.e.
the areas 106, located 1n line with the intervals separating the
preceding patterns 120. This 1s shown 1n FIG. 2a where there
are all of the areas that were already implanted during the
steps corresponding to FIGS. 1a to 14, 1.e. the areas 106 and
108. The new patterns 220 are carried out 1n a manner
similar to what was described for FIG. 15 vy using the
conventional techniques of photolithography.

In order to obtain patterns 220 aligned with respect to the
preceding patterns 120 recourse can be had to several
techniques. It 1s possible for example to implement the
technique of lift off, 1.e. by lifting ofl the patterns after the
deposition of a layer intended to form the patterns 220.

Recourse can also be had to conventional equipment for
advanced lithography which makes 1t possible to have
alignment precision (overlay) less than 10 nm.

Using new patterns 220, by repeating all of the operations
that have already been described for FIGS. 1a to 1d the
result shown m FIG. 2b 1s obtained comprising the
implanted areas 108 and 208 which are then substantially of
the same shape, dimension and depth in that the intervals
between the patterns 120 were 1nitially chosen to be 1den-
tical to the width of these patterns.

As shown 1 FIG. 2¢ a structuring 205 that 1s much more
regular of the surface of the substrate 100 1s as such obtained
alter etching.

The successive implantations are carried out in such a
way that only the areas 108, 208 that have received a dose
of 1ons during the various implantations are exposed during
the etching.

FIG. 3 comprised of FIGS. 3a to 3¢ shows another way to
obtain a structuring of the surface of a substrate 100 accord-
ing to the mvention.

The particularity in this case consists 1n that before the
formation of the patterns 120, a sacrificial layer 310 1s
formed on the substrate, of which the thickness 1s at least
equal to the height of some areas that were implanted twice,
here the areas 106.

The sacrificial layer 310 can for example be carried out
using a material that 1s commonly used 1n lithography which
1s known under the acronym of BARC (bottom anti-retflec-
tive coating) and which constitutes a bottom anti-reflective
coating for certain operations of lithography.

By adapting the thickness of the sacrificial layer 310 at the
maximum height of implantation in the substrate of the areas
106 the latter can be included entirely in the layer 310. There
will therefore not be 1n the case any implantation in the
substrate 100 on the patterns 309. The areas implanted under
the patterns 120, the deepest, here designated by the refer-
ence 308, will then have their depth limited somewhat.

For example this layer has a thickness of 20 to 30
nanometers (10~ meter). It is for example obtained via
deposition. In this example the patterns 120 have a thickness
between 1 nm and a few nanometers and the areas 308 have
a depth also between 1 nm and a few nanometers, with the
depth being measured perpendicularly to the surface of the
substrate 100 and from the surface of the sacrificial layer 310
whereon the patterns 120 rest.

After removal of the patterns 120 and of the sacrificial
layer 310 it 1s possible to proceed as hereinabove with a
selective wet etching of the implanted areas 308. The regular

profile 305 1s then obtained shown 1n FIG. 3.
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This makes 1t possible to smooth the profile 305 obtained
without having to carry out a thinming operation, such as a
mechanical-chemical polishing 1n order to remove the shal-
lowest reliets.

If after etching and removal of the sacrificial layer 310,
the implantation operations described 1n FIGS. 1a to 14 are
repeated and after having formed new patterns 220 as
explained 1n FIG. 2, a structuring of the surface 307 1s then
obtained after etching that 1s much denser. This 1s shown 1n
FIG. 3c

The following figures propose examples that will make it
possible to determine the conditions for implementing the
method of the mvention mtended to produce a structuring of
the surface of a substrate such as shown 1n FIGS. 1e, 2¢, 36
and 3c.

FIG. 4, comprised of FIGS. 4a and 4b, studies the
penetration of 1ons mto the resin patterns of the mask. FIG.
da defined the following parameters:

a.: 1s the angle of incidence of the beam on the flanks of the
mask patterns 120. This direction of implantation 1s also
designated by the references 112 and 132 in the preceding
description of the invention. The inclination of the
implantation with respect to the perpendicular to the plane
of the substrate 100 to be structured 1s, as indicated 410,
equal to: 90°-q;

A : 1s the modified depth 1n the resin via implantation
according to a direction parallel to the plane of the
substrate (X);

B_: 1s the modified depth in the resin via implantation
according to a direction perpendicular to the plane of the
substrate (Z.);

X: 1s the width of the pattern;

Z:: 1s the height of the pattern.

As already indicated in the preceding description 1t 1s
considered that the consumption of resin of the mask 1s not

substantially aflected by the implantation operation itsell.
FI1G. 4b shows, the lateral implantation depth (Ax) to the
plane of the substrate 100 in the resin of the patterns 120 of
the mask according to the angle of incidence (). This figure
shows the results of simulations that were carried out for a

resin with a density equal to 1 gram per cm™ that has been
subjected to an implantation of argon 1ons (Ar) with an
energy of 100 keV and an implantation density of 10"° atoms
per cm”. The study of the penetration of the ions on the
flanks of the patterns makes 1t possible to anticipate the
surtace modifications of the substrate 100 located under the
mask.

FIG. 5, comprised of FIGS. 3a to 5/, shows and discloses
various options for adjusting the angle of incidence of the
ion beam on the result of the implantation of species for the
structuring of the surface of a substrate.

FIGS. 5q and 554 treat the case of an angle of incidence o
greater than 45°. In this case, the beam penetrates the flanks
of the patterns 120 under a high angle which induces only a
slight lateral modification of the resin while a more signifi-
cant modification can be observed at the top of the latter.

FI1G. 56 shows the penetration of the beam in the substrate
100 underlying the pattern 120. In practice, 1t 1s noted that
an 1mplantation 1s eflectively obtained under the mask of
resin due for a large part to the inclination of the 1on beam.

FIGS. 5¢ and 3d show the case where the angle of
incidence o 1s less than 45°. The FIG. 3¢ shows the
penetration of the 1on beam 1n the pattern 120 made of resin
and FI1G. 5d the penetration of the latter into the material of
the underlying substrate 100. In this case the lateral pen-
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ctration of the 1ons 1s substantial, the correct compromise
must however be found 1n order to reach the desired vertical
depth.

FIG. 5e shows the case where the angle of incidence a 1s
equal to 45°. This latter case makes 1t possible to both
implant 10ns under the patterns 120 of the mask and also to
reach an optimum depth 1n the material of the underlying
substrate 100.

FIG. 5/ shows how 1t 1s possible to determine the condi-
tion for which the unprotected areas, 1.e. the inter-pattern
areas of width Y, 1s not implanted. In the case the angle 3
must be greater than or equal to: arc tan(Y/Z).

The angle  1s the angle formed by the intersection
between the flank of a pattern 120 and the straight line
passing through on the one hand the top 122 of this pattern
120 and on the other hand the base 123' of the pattern 120’
adjacent to the pattern 120.

The curves of FIG. 46 combined with the condition
hereinabove and with the discussions hereinabove shown in
FIGS. 4a to 5S¢ make 1t possible to define the angles to be
used for implanting under the mask as well as the desired
texturing.

In light of the preceding description, it clearly appears that
the invention makes 1t possible to obtain in a reproducible
and 1nexpensive manner patters or a texturing that has a
possibly complex profile.

The 1nvention 1s not limited to the embodiments that have
been described hereinabove and extends to all the embodi-
ments covered by the claims.

The mvention claimed 1s:

1. A method for forming reliefs on the surface of a
substrate, comprising at least the following steps:

at least one first implantation of i1ons 1n the substrate

according to a first direction;

at least one second implantation of ions in the substrate

according to a second direction that 1s different from the
first direction;

at least one of the first and second implantations 1s carried

out through at least one mask having at least one
pattern;

an etching of areas of the substrate having received by

implantation a dose greater than or equal to a threshold,
selectively to the areas of the substrate that have not
received via implantation a dose greater than said
threshold;

the parameters of the first and second implantations,

including respective directions, being adjusted in such
a way that only areas of the substrate that have been
implanted both during the first implantation and during
the second 1mplantation receive a dose greater than or
equal to said threshold.

2. The method according to claim 1, wherein the first and
second implantations are each carried out through at least
one mask.

3. The method according to claim 2, wherein the first and
second implantations are carried out through the same mask,
with the method comprising at least one additional implan-
tation carried out through a mask that 1s different from the
one used during the first and second 1mplantations.

4. The method according to claim 2, wherein at least one
pattern of the mask used during the first implantation 1s
different from at least one pattern of the mask used during
the second 1implantation.

5. The method according to claim 1, wherein at least one
of the first and second implantations 1s carried out full water
and without a mask.
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6. The method according to claim 1, wherein a sacrificial
layer 1s arranged above the substrate and wherein at least one
among the first and the second implantations 1s carried out
through said sacrificial layer.

7. The method according to claim 6, wherein the entire
sacrificial layer 1s removed after the second implantation.

8. The method according to claim 6, wherein the sacrifi-
cial layer 1s an anti-reflective coating.

9. The method according to claim 6, wherein the thickness
of the sacrificial layer 1s chosen and at least one among the
first and the second 1implantations are carried out 1n such a
way that first areas located under the mask are implanted
both during the first implantation and during the second
implantation, receive a dose greater than or equal to said
threshold and extend solely 1n the sacrificial layer.

10. The method according to claim 6, wherein the thick-
ness of the sacrificial layer as well as at least one among the
first and the second 1implantations are carried out 1n such a
way that second areas located under the mask are implanted
both during the first implantation and during the second
implantation by receiving a dose that 1s greater than or equal
to said threshold, with said second regions extending in the
sacrificial layer and in the substrate.

11. The method according to claim 1, wherein the sub-
strate 1s crystalline and wherein at least one among the first
and the second implantations 1s carried out 1n such a way as
to render the implanted area amorphous.

12. The method according to claim 11, wherein said
implantation taken from the first and the second implanta-
tions and carried out in such a way as to render the implanted
areas amorphous comprises the implantation of 1ons that are
heavier than hydrogen (H), such as boron, argon (Ar) or
silicon 1ons with an energy that 1s suflicient to render the
implanted areas amorphous.

13. The method according to claim 11, wherein at least
one among the first and the second implantations 1s carried
out 1n such a way as to chemically modify the substrate and
wherein said implantation carried out 1n such a way as to
render the implanted areas amorphous 1s the first implanta-
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tion and wherein said implantation carried out 1n such a way
as to chemically modify the substrate 1s the second implan-
tation.

14. The method according to claim 1, wherein at least one
among the first and the second implantations 1s carried out
in such a way as to chemically modify the substrate.

15. The method according to claim 14, wherein said
implantation taken from the first and the second implanta-
tions and carried out 1n such a way as to chemically modify
the substrate comprises the implantation of hydrogen (H)

and/or of oxygen 1ons in order to chemically modily the
substrate.

16. The method according to claim 1, wherein at least
some ol the areas receiving a dose greater than or equal to
said threshold are located under a pattern of the mask during,
at least one of the first and second 1mplantations.

17. The method according to claim 1, wherein at least one
of the first and second directions of implantation 1s perpen-
dicular to a main plane 1n which extends the substrate.

18. The method according to claim 1, wherein the direc-
tions of implantation of the first implantation and of the
second 1implantation are inclined with respect to a direction
perpendicular to a main plane 1n which extends the substrate.

19. The method according to claim 1, wherein the sub-
strate 1s made from a material comprising at least one of the
following materials: silicon (S1), silicon-germanium (S1Ge),
sapphire, S1C, GaN or quartz.

20. The method according to claim 1, wherein the sub-
strate 1s porous.

21. The method according to claim 1, wherein the param-
eters of the first and second implantations, in particular their
respective directions, are adjusted in such a way that some
areas of the substrate do not recerve any dose during at least
one among the first and the second implantations.

22. The method according to claim 1, wherein the param-
cters of the first and second implantations, 1n particular their
respective directions, are adjusted in such a way that during
at least one among the first and the second implantations,
ions penetrate mto the substrate without passing through the
mask.
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